Abstract-Reduction of energy consumed by a manufacturing system to turn raw parts to finished products is a big step towards the green and lean production. In this study the energy efficiency of a one-loop pallet system, a main tool to handle and locate various part types in a cyclic production line, is investigated. The main goal is to obtain the minimal energy consumption in the pallet system drive unit through an optimally controlled and coordinated motion of pallets. To achieve the mentioned goal, first the mean value of the pallet system energy consumption is mathematically modeled. Later, this energy model is utilized as an objective function within an optimization model including constraints on system crucial properties such as cyclic and dynamic behavior, queueing policy, and buffer size. The solution of the optimization problem gives the optimal values of the system control variables, namely, number of pallets and conveyor velocity. To demonstrate the application of this optimization model in practice, three case studies are introduced. The results of these studies show that a significant amount of the energy consumption may be saved by applying the suggested green control.
I. INTRODUCTION
The green manufacturing paradigm includes designs and strategies which minimize the impact of production systems on environment [1] . On the other hand, lean production is a method of doing business based on gaining profit through eliminating the waste in production sectors [2] . Both these concepts promote the energy efficiency as an important key in the design of manufacturing plants, although they may introduce different strategies towards this design goal.
The consumed energy in a manufacturing system can be attributed to equipment technology and type of processes as well as the coordination of operations on the system level. This classification is important because equipment and process energy efficiency demand a proper selection of equipments and related processes in a plant design. System energy efficiency, on the other hand, corresponds to an optimal policy for the coordination of operations in a control design.
This paper focuses on the problem of designing an optimal control for one-loop pallet systems. The goal is to provide the desired cycle time for the production of specific parts (just in time strategy), as well as to maintain minimal energy consumption for the system drive unit (green production).
A. Handling and locating pallet systems
A pallet system governs processing operations by directing and locating the parts to be processed. Beside the pallets, which are carrier of the parts, two other major components in a pallet system are conveyor lines and function modules. The conveyor line transports and buffers the pallets, and the function module locates the pallets for loading, unloading, and processing actions. In a one-loop pallet system, the parts are loaded and fixated on the pallets in the loading module. Subsequently, conveyor lines conduct the pallets to locating modules where they are positioned, and their parts are operated by processing machines or robots. After finishing all machining stages, the pallets enter to the unloading module, and the completed parts (products) are unloaded in this module. Finally, the empty pallets are redirected to the loading module, and one closed loop motion of pallets takes form.
One-loop pallet systems are often used in cyclic production lines with multiple part types. A production line is cyclic if it periodically produces a certain set of parts in a specific duration denoted cycle time. One-loop pallet systems for cyclic production lines are from now called cyclic pallet systems. In a cyclic pallet system, although all parts pass the same order of modules from the loading to unloading section, their processing times and process sequences can be different with respect to their types. Figure 1 shows a cyclic pallet system with the set of parts {A, B1, B2} and the function modules {M 1 , . . . , M 6 }. The sequence of operations for these parts are defined as follows
This means that for instance, part B1 is loaded in M 1 , located in the modules {M 3 , M 5 } for processing operations, and unloaded in M 6 . 
B. Challenges in control of cyclic pallet systems
A cyclic pallet system with one part type can be modeled by a Petri Net formalism [3] . In this modeling framework, the tokens represents the pallets, and the places and the transitions correspond to the buffers and the locating modules, FrC3.1 978-1-4577-1732-1/11/$26.00 ©2011 IEEE respectively. For the obtained model, Ramamoorthy et al [4] developed the main equation relating the number of tokens (pallets) N p , the cycle time C, and the flow time of a pallet moving one loop in the system, FT , as
When a set of various parts is periodically handled in the pallet system, according to [5] and [6] , the above equation is still held. However, in the latter case FT is considered as overall flow times for the multiple parts in the set, and the cycle time denotes the average production time of the set of parts. Fulfillment of a desired cycle time is the main purpose to control a cyclic pallet system. Based on the lean philosophy, the control set points should be parameterized in an optimal way to reduce the flow time as well as the number of pallets. Since FT is an increasing function of N p , this optimal control is obtained through the minimization of the number of pallets with respect to a specified cycle time (the minimal number of pallets). Many studies have investigated such a control with different methods and different characteristics of the production system.
For nondeterministic closed loop production lines with unreliable machines, analytical methods based on probability analysis are the main tools for the system performance evaluation [7] . Frein et al [8] and Gershwin et al [9] used decomposition techniques to evaluate the line production rate by considering a limited number of pallets. Han et al [10] applied a Taylor series expansion, and Biller et al [11] assumed a Bernoulli reliability model for machines to obtain a relation between buffer sizes and the minimal number of pallets.
Regarding deterministic production lines, optimization models based on marked graph Petri Nets is the dominant approach [4] . Magott et al [12] and Yamada et al [13] formulated linear programming models based on Ramamoorthy's result to obtain the minimum cycle time in the marked graph Petri Nets. Korbaa et al [14] , Chauvet et al [15] , and Hsu et al [16] furthermore developed the heuristic and formal optimization methods to minimize the cycle time as well as the work in process (number of pallets).
One interesting question which may arise is if the minimal number of pallets demands the minimum driving energy as well or not. Moreover, if it does not, what number of pallets under which control policy fulfills this green property for the pallet system. To the best of the authors' knowledge, no studies have been addressed to concern these questions. This paper provides a method to investigate and answer these questions for deterministic cyclic pallet systems.
II. ASSUMPTIONS, NOTATIONS, AND DEFINITIONS
All mathematical models in this paper are developed based on the following assumptions, definitions, and notations.
Assumptions:
• Pallet system has only one loading, unloading, and drive unit.
• One pallet can handle only one product at a time, and the product remains clamped to the pallet during its entire journey in a pallet system.
• Processing times and transportation times are deterministic, and there is no failure in machines and function modules.
• The conveyor line transports pallets in a horizontal direction (there is no slope for conveyor lines).
• Empty pallets are reloaded with new parts as soon as possible. Besides, the pallet waiting times in the loading queue are negligible.
• Universal (the same type of) pallets are used for different types of products.
• An assigned operation cannot be removed from a module until it is completed.
• A single resource can only be used for one operation at a time.
• All parts are removed when they reach the unloading section (no re-entrance).
• All function modules follow the FIFO (first input first output) policy.
• The pallet is disconnected from the conveyor chain when the pallet is located.
• There is a fixed and known schedule for the entrance of different part types to the pallet system.
• A wheel type bend is used to change the orientation of a conveyor chain. This kind of bend nearly introduces zero friction between the chain and the bend slide.
Definitions: Definition 1. (Module segment):
A cyclic pallet system is partitioned into module segments. Each segment includes one locating module and its related conveyor line for buffering the pallets behind the module.
Definition 2. (Starving and waiting time):
Starving time is the duration time in which a module is in an idle state before receiving a pallet. Waiting time is the time one pallet has to wait in a queue of a segment.
Definition 3. (Minimal part set):
Let n u denote the number of parts that correspond to product type u in the overall production target. Suppose there are h different product types. If q is the greatest common divisor of the integers {n 1 , . . . , n h }, then the vectorn = ( n 1 q , . . . , n h q ) represents the smallest set having the same proportions of the different product types as the production target. This set is usually referred to as the Minimum Part Set (MPS) (this definition is exactly brought from [17] ).
Definition 4. (Drive unit of a pallet system):
A drive unit transports pallets in the system and consists of an electrical motor, a conveyor chain, and related accessories (motor speed convertor, electrical driver, etc).
Notations:
• ∈ M = {1, 2, . . . , m} is the index over all modules.
Moreover, = 1 and = m denote loading and unloading modules, respectively.
• N (t) is the number of pallets at time t in the segment which includes the module . In addition,
is the total number of pallets in the system. • L denotes the length of the segment related to the module , and b is the size of the buffer in this segment (including the locating space).
L is the overall length of the pallet system.
• i ∈ I = {1, . . . , n} is the index over parts Π = P 1 , P 2 , . . . P n in a minimal part set.
• τ i is the processing time in module for P i .
• T i is the total handling time for P i from the loading module to the unloading one. T i includes the processing times, transportation times, and waiting times for the part.
• T m1 is empty pallet transportation time from the unloading to the loading section. Besides, T i + T m1 defines the flow time for P i .
• v c [m/s] denotes the conveyor velocity and T c = 1/v c is the transportation time for one pallet passing 1 meter.
•
is the index over all cycles in transition states and the first (k s ) and the second (k s + 1) cycle in which the system enters to the steady state phase.
• S i [k] is the time when P i is released by module in cycle k.
• m c is the mass of one meter chain [kg/m] and m p is the average mass for a part (including its pallet) in a pallet system.
• µ sc is the friction coefficient between the conveyor slide and conveyor chain, and µ cp is the friction coefficient between the conveyor chain and a pallet.
• N, Z, and R denote the domain of variables for Natural+{0}, Integer, and Real numbers, respectively.
III. ENERGY MODEL FOR THE MEAN VALUE ENERGY CONSUMPTION
In a cyclic pallet system, pallets are transported by a conveyor chain, which is connected to an electrical motor. Assuming that the shaft of the motor is attached to the conveyor chain at the exit of the unloading segment, the total drive system energy consumption E(t) during [0,t] is calculated by
Here, F m (t) is the chain tension force at the exit of the unloading module, and η 0.8 is the drive unit efficiency. N (t) is the sum of the number of pallets staying at the buffer, N s (t), and those being transported in the segment, N mov (t). Therefore, the friction force initiated from the weight of the conveyor chain and the pallets (with products) in segment at time t is (3) where N f (t) = 1 a pallet is located in the module at t 0 a pallet is not located in the module at t Consequently, the tension force in the chain at the exit of the unloading module ( = m) is obtained by
is a complex function, and its determination requires a precise dynamic model of the pallet system at any given t. Considering the lack of this model, a randomness pattern is assumed in ∑ m =1 N s (t), and the following lemma is devised to find its mean value.
Lemma 1: The mean value of the number of mobile pallets in the pallet system is nLT c /C.
Proof: The probability that one pallet is in a mobile condition can be obtained
Here, LT c is the overall time one pallet is running one loop in the pallet system (without including process and waiting times), and
T i is the average flow time of one pallet over various parts in an MPS. Because each pallet is either in a mobile or stationary state, a binomial distribution with respect to motion state of the pallets may be formed as B n (N p , p) . Therefore, the mean value for the number of mobile pallets, N mov , is estimated by
Besides, (1) for a cyclic pallet system can be written as
where the right side is the overall flow times for the multiple parts in the set. Substituting N p C in (5) gives
is now used to determine the mean value energy consumption for one cycle of production.
Theorem 1: The mean value of the energy consumption in a drive unit of the cyclic pallet system for one production cycle has the form
where a 1 , a 2 , and a 3 are constant coefficients. Proof: The mean value of ∑ m =1 N s (t) can be calculated by N p − N mov . Accordingly, based on Lemma 1 and the relation (4), the mean value of the energy consumption for one production cycle (t = C) becomes
where c 1 = m p g(µ cs + µ cp ), c 2 = Lm c gµ cs , and c 3 = nLm p gµ cp . The cyclic property of the pallet system in the steady state imposes the condition ∑ n i=1 C i = C. Thus, the integral term in (8) can be calculated as follows
Substitute this term in (8) 
which implies (7). Corollary 1: Provided that N p is a constant value, (7) is a strictly decreasing function of T c .
Proof: It is only needed to prove that the relation a 1 N p + a 2 > 0 is always met. According to (6) and (9),
In the energy models N p and T c can not take any arbitrary value. To fulfill the cycle time C, these parameters should be selected from the domains specified by a set of pallet system design constraints. In the next section, these constraints are introduced.
IV. MATHEMATICAL MODELS OF THE CYCLIC PALLET SYSTEM
A pallet system is a closed queuing network in which pallets are entities in the segment queues. In [18] , the authors developed the mathematical models, which characterize the dynamic behavior of a cyclic pallet system. Employing these models as the constraints in an optimization problem, the problem solution gives the level of queues at any given time in the cyclic period. The goal is to optimally control these levels to achieve the minimal energy consumption of the drive unit for the desired cycle time. In this section, first the design constraints are addressed, then this optimal control is characterized through an optimization model based on these constraints. The optimization model solution realizes the green and lean control of the cyclic pallet system.
A. Design constraint models
A coordination of operations in a cyclic pallet system is subjected to various constraints, due to scheduling, dynamic, cyclic, pallet, and buffer properties. In the below, these constraints are addressed based on [18] .
Scheduling constraints :
To consider the impact of parts scheduling on the dynamics of operations, the permutation matrix ∆ is defined as an operator to map the initial sequence of part operations in the pallet system modules to the desired sequence of the operations. Denoting [∆] i, j = δ i, j , this mapping can be expressed as
Dynamic constraints: These constraints introduce a relation among the part release times S i [k], the transportation times L T c , and the operating times T i based on the consecutive order of types, modules, and cycles (i, , k).
Cyclic constraints: In the pallet system steady state, there is a cyclic pattern for the pallet releasing actions in each locating module. Assuming that the cyclic pattern will be started after the production cycle k s − 1, the part release times can be related to the cycle time C and the interval times in each module (C i ≥ T i ) as follows.
Pallet constraints: The pallet constraints model the closed loop behavior of a pallet motion in the system. Regarding that the number of pallets is a known parameter or a variable, two types of pallet constraints can be formed.
Pallet constraints type 1 (N p is a known parameter):
where
Pallet constraints type 2 (N p is a variable):
Buffer constraints:
specifies the duration in which part i stays in segment . According to (13) 
always requires b number of pallets in the segment . To let N (t) ≤ b , this constraint is modified to
Variable constraints: All variables shall be clarified based on their domains such as binary, natural, and real. For the variables applied in the set of design constraints D = {(10), (11) , (12), (13), (15), (16)}, the set of variables
} with the following domains are defined.
B. Optimization models
Let's assume N * p and T * c are the optimal values giving the minimal energy consumption for a cyclic pallet system with a desired cycle time C. This means that 
The nonlinearity of the objective function may impose a huge computation time for this problem. To tackle this complexity, we suggest a mechanism of mapping OP1 into a set of linear optimization problems which their solutions embrace N * p and T * c . This mechanism is realized with the following steps 1-A domain of candidates for T * c is specified as 
2-A domain of candidates for N * p is specified as 
In the next section, this three-step approach, which realizes the green and lean control of cyclic pallet systems, is applied to three case studies.
V. ILLUSTRATIVE EXAMPLES To demonstrate the application of the green and lean control in practice, we select three industrial pallet system technologies X85, XK, and XT as the test beds. These technologies, whose specification data are shown in Table I , have been designed and developed by FlexLink company [19] . Based on each technology, we design a pallet system similar to Fig. 1 to transport four parts A, B1 , B2,C among 6 function modules. Table II provides the design data including the processing times, the segment buffer sizes and lengths, and the desired cycle time for each pallet system. Furthermore, the unique scheduling matrix is considered for these systems. To calculate the optimal control values of N p and T c , we employ the mentioned steps in the previous section and obtain Table III . For 
VI. CONCLUSION
In this paper two important design questions for pallet systems were investigated. The first question conjectured the equality of the minimal number of pallets N min p with the number of pallets N * p giving the minimal drive unit energy consumption E * . The second question demanded the method of green control gaining E * provided that the conjecture was disapproved. Both these questions were answered by devising an optimization model in which the mean value of the energy consumption was the objective function, and the system design specifications were the constraints. The result of this model for three cases of pallet systems not only disapproved the conjecture, but also proposed a promising reduction of the energy consumption for N * p > N min p . The machine failures, and the time complexity of the models due to the variable permutation matrix are not addressed in this study. An attempt to resolve the aforementioned problems, thus, can result in the further enhancement of the presented models. Furthermore, devising a control policy to reduce energy consumption in processing machines can be considered as another interesting subject for the future works.
